Formation of blood vessels, or angiogenesis, is crucial to cancer progression. Thus, inhibiting angiogenesis can limit the growth and spread of tumors. The natural polyphenol catechin has moderate anti-tumor activity and interacts with copper, which is essential for angiogenesis. Catechin is easily metabolized in the body and this limits its clinical application. We have recently shown that conjugation of catechin with dextran (Dextran-Catechin) improves its serum stability, and exhibits potent antitumor activity against neuroblastoma by targeting copper homeostasis. Herein, we investigated the antiangiogenic activity of Dextran-Catechin and its mechanism. We found that Dextran-Catechin displayed potent antiangiogenic activity in vitro and in vivo. We demonstrated Dextran-Catechin generates reactive oxygen species which in turns disrupts copper homeostasis by depleting the copper importer CTR-1 and copper trafficking ATOX-1 protein. Mechanistically, we showed that disrupting copper homeostasis by knockdown of either CTR-1 or ATOX-1 protein can inhibit angiogenesis in endothelial cells. This data strongly suggests the Dextran-Catechin potent antiangiogenic activity is mediated by disrupting copper homeostasis. Thus, compounds such as Dextran-Catechin that affects both tumor growth and angiogenesis could lead the way for development of new drugs against high copper levels tumors.
1
. The growth and spread of tumors can be inhibited by limiting angiogenesis, and numerous studies have demonstrated this through the use of antiangiogenic agents [2] [3] [4] [5] . Angiogenesis, and thus the activation of endothelial cells by angiogenic factors, play an essential role in tumor growth and progression. The essentiality of copper ions in humans has long been recognized, with the imbalance of its homeostasis causing neurodegenerative, cardiovascular diseases, bone metabolism disorders, and inflammatory responses 6 . Furthermore, copper ions have been found to play an important role in tissue remodeling by regulating the cross-linking of collagen 7 , and to enhance dermal wound healing via the promotion of the biosynthesis of vascular endothelial growth factor (VEGF) by keratinocytes and the regulation of endothelial cell survival, proliferation and migration 8 . Previous studies have shown that the copper concentration in serum increases with cancer disease progression and correlates with tumor incidence and burden 9 . As mentioned, copper homeostasis is tightly regulate by the body, because of the toxicity of high plasmatic copper concentrations 10 . A key protein in regulating copper homeostasis is Antioxidant-1 (ATOX-1), which obtains copper via copper importer CTR-1 and transfers it to the copper transporter ATP7A that delivers copper to the secretory copper enzymes or exclude copper. More specifically, by regulating extracellular matrix modifying secretory copper enzyme, ATOX-1 plays an essential role in angiogenesis 10 . Depletion of copper, indeed, has been successful in inhibiting angiogenesis in a wide variety of cancer cell and xenograft systems, and several clinical trials using copper chelation treatment as either an adjuvant or primary therapy have been conducted [11] [12] [13] , including the CTR-1 silencing that inhibited angiogenesis by limiting copper entry into endothelial cells 14 . However, the biological basis linking the activity of antiangiogenic molecules and copper remains unclear.
Natural derived polyphenols, such as catechin, have anticancer and antiangiogenic activity but their low bioavailability has limited their clinical applications [15] [16] [17] . We have previously shown that the conjugation of Catechin with Dextran, here referred to as Dextran-Catechin, has led to higher serum stability and exhibits potent anti-tumor properties by targeting copper homeostasis in neuroblastoma 18 .
In this study, we tested the hypothesis that Dextran-Catechin has an antiangiogenic effect mediated by the disruption of copper homeostasis and thus inhibition of endothelial cell angiogenesis. Our results showed that Dextran-Catechin treatment exhibits potent antiangiogenic activity in human microvascular endothelial cells (HMEC-1) due to the production of reactive oxygen species (ROS), which in turn led to depletion of ATOX-1, an anti-oxidant and intracellular copper-transporting protein 19 . This study therefore highlights the potential of natural products with ROS-generating properties as novel therapeutics for the treatment of cancers that are dependent on high levels of copper to sustain their growth.
Results
Dextran-Catechin has low toxicity in HMEC-1 cells but inhibits angiogenesis in a dose-dependent manner. To determine the antiangiogenic property of Dextran-Catechin, we investigated the degree of angiogenesis by HMEC-1 cells after treatment with the Matrigel ™ assay. The Matrigel ™ assay measures the surface area of vascular structures formed by the endothelial cells, which indicates the extent of angiogenesis. We found a dose response between the concentration of Dextran-Catechin and the degree of angiogenesis, exhibiting lower angiogenesis activity at higher treatment concentration. Notably, there was significant decrease in angiogenesis at 10 µg/ml (−42 ± 6%, P < 0.001) and 25 µg/ml (−98 ± 2%, P < 0.0001, Fig. 1 ). These data demonstrate that Dextran-Catechin has potent antiangiogenic activity.
To determine if any antiangiogenic effect observed with Dextran-Catechin treatment was due to direct toxicity, cell viability of HMEC-1 cells was examined following treatment using a range of Dextran-Catechin concentrations. The IC 50 of Dextran-Catechin was 76.1 (±6.3) and 24.9 (±0.3) µg/ml after 8 h and 24 h of treatment (See Supplementary Fig. 1 ). This suggests that Dextran-Catechin treatment was not toxic to HMEC-1 cells at low dose within 8 h, which indicates that the anti-angiogenic effect seen in the Matrigel was not due to toxicity.
Disruption of copper homeostasis in HMEC-1 cells inhibits angiogenesis.
We recently demonstrated that Dextran-Catechin can disrupt copper metabolism in cancer cells 18 . Therefore, we postulated that a possible antiangiogenic mechanism of Dextran-Catechin is through the disruption the copper homeostasis in endothelial cells. Initially, to determine whether copper is important in the angiogenic activity of HMEC-1 cells, the main importer of copper, CTR-1, was suppressed using SiRNA. Suppression of CTR-1 has previously been shown to reduce intracellular copper levels 20 . To further validate the dependence of copper on angiogenesis, we utilised a commonly used copper chelator tetraethylenepentamine (TEPA) to restrict the availability of free copper to the cells.
As anticipated, we observed a significant reduction in angiogenesis following knockdown of CTR-1 (−69 ± 7%, P < 0.0001) in comparison with the control and non-silencing siRNA transfected HMEC-1 cells (Fig. 2) . Similar to the results of the CTR-1 knockdown experiment, HMEC-1 cells with the TEPA treatment showed a significant reduction in angiogenesis (−30 ± 1%, P < 0.0001, Fig. 2 ). The concentration of TEPA that had shown antiangiogenic effect was found to be non-toxic to HMEC-1 cells (See Supplementary Fig. 2 ).
These results suggest that copper plays an important role in the promotion of angiogenesis and disrupting copper metabolism in endothelial cells reduces their angiogenic capabilities.
Dextran-Catechin treatment induces production of ROS in endothelial cells. Catechin has been
shown to act as a pro-oxidant in the presence of copper, which results in the production of ROS 21 . Hence, the interaction between Dextran-Catechin and the copper contained in the culture media will inevitably generate ROS. Using the cellular ROS detection kit, we found that the level of ROS in cell culture media increases dramatically after addition of Dextran-Catechin even at a low dose of 10 μg/ml (Fig. 3a) .
Subsequently, the level of ROS in HMEC-1 cells, which was induced by Dextran-Catechin, was evaluated at various time points. We noted that the level of ROS in HMEC-1 cells decreased over time in comparison to the control (Fig. 3b) . The gradient decrease in ROS levels indicated that HMEC-1 cells activated mechanisms to compensate for the oxidative stress and prevent oxidative damage.
Given the role of copper, Dextran-Catechin and ROS, we sought to investigate the change in the levels of proteins that are involved in the prevention of oxidative damage, copper homeostasis and angiogenesis.
Dextran-Catechin treatment dysregulates ATOX-1, VEGF-R2 and CTR-1 protein levels and increases accumulation of copper in HMEC-1 cells.
One of the proteins that are involved in both copper regulation and protection from oxidative damage is ATOX-1. ATOX-1 regulates copper trafficking within the cells, and importantly, it transports copper to the VEGF promoter 22 . Thus, we investigated the changes in ATOX-1 protein level after 24 h Dextran-Catechin treatment and found a significant decrease of ATOX-1 protein at 10 and 25 μg/ml (Fig. 4a) . This decrease reflects the degradation of ATOX-1 to compensate for the increase in oxidative stress. VEGF-R2, the potent receptor for endothelial cell angiogenesis, and CTR-1 were downregulated in equal measure (Fig. 4a) .
To determine the intracellular copper levels in HMEC-1 cells after Dextran-Catechin treatment, a spectrophotometric assay was used to measure the level of copper in the cell lysate. We found a significant increase in intracellular copper levels following treatment with 10 µg/ml (P < 0.05) and 25 µg/ml (P < 0.05) Dextran-Catechin for 24 h (Fig. 4b) . This is likely due to the reduction in copper trafficking capability of the cells to export copper after the lower levels of ATOX-1 proteins.
Knockdown of ATOX-1 in HMEC-1 cells does not affect VEGF-R2 and CTR-1 protein levels, but inhibits angiogenic activity. To determine the effect of ATOX-1 reduction on proteins that are involved in angiogenesis and copper homeostasis, we investigated the protein levels of VEGF-R2 and CTR-1 following ATOX-1 knockdown in HMEC-1 cells. We found that the VEGF-R2 and CTR-1 protein levels between the non-silencing siRNA control and the ATOX-1 knockdown cells showed no significant changes (Fig. 5a ). This implies that the level of ATOX-1 did not directly affect VEGF-R2 and CTR-1 levels.
To determine the angiogenic effect of reduced ATOX-1 protein levels, the Matrigel ™ assay was carried out using ATOX-1 knockdown HMEC-1 cells. The Matrigel ™ assay revealed that the loss of this protein had resulted in a significant reduction in angiogenesis (−31 ± 3%, P < 0.0001) as compared to the control and non-silencing siRNA treated HMEC-1 cells (Fig. 5b) . This suggested that ATOX-1 is also important in maintaining the angiogenic activity of HMEC-1 cells.
Anti-angiogenic activity of Dextran-Catechin in in vivo models of neuroblastoma. To determine the in vivo anti-angiogenic activity of Dextran-Catechin, we investigated the response of formation of blood vessels in a human neuroblastoma xenograft model 18 . After the 26 day experimental period, tumor slices were stained for CD31 protein, which indicates the presence of endothelial cells. Vessels were only counted when it shows a clear morphological vascular structure with a visible lumen. There was a significant reduction of vessel observed in the 300 µg/ml Dextran-Catechin treatment group (1.3 ± 0.7 vessels, 8 fields per view counted) as compared to the saline control group (4.9 ± 0.3 vessels, 8 fields per view counted, Fig. 6 ). The reduction in number of vessels observed in the tumor slices suggests that the Dextran-Catechin treatment exhibited anti-angiogenic activity in vivo.
Discussion
ATOX-1 is an important protein that traffics copper from the importer protein CTR-1 to various locations. As a transporter, it brings copper ions to the VEGF promoter for the transcription of growth factors for angiogenesis, and to the copper exporter site for removal of excess copper 22 . ATOX-1 also acts as an anti-oxidant for the prevention of oxidative damage. However, ATOX-1 can only fulfil one of these roles at a single time, either as a copper transport protein or as an anti-oxidant 23 . The depletion of ATOX-1 in endothelial cells under oxidative stress has not been investigated prior to this study. However, the ATOX-1 scavenger activity of superoxide anion was reported before in yeast 24 . Here, we describe the depletion of ATOX-1 in endothelial cells following Dextran-Catechin treatment, to compensate for the effect of ROS and thus the prevention of oxidative damage.
As seen in the generation of ROS by Dextran-Catechin in the cell culture media, the higher the concentration of Dextran-Catechin treatment, the higher level of ROS is being generated. However, the amounts of ROS detected in the HMEC-1 cells showed the opposite trend whereby lower ROS level is being detected at a higher VEGF receptors are crucial for the activation of angiogenesis, and the most important receptor in endothelial cell is the VEGF-R2 25 . Here, we found that in HMEC-1 cells, the regulation of VEGF-R2 seems to be independent from the level of ATOX-1 protein as the knockdown of ATOX-1 had no effect on the VEGF-R2 protein levels. Nevertheless, we found that both the ATOX-1 and VEGF-R2 levels were markedly downregulated in the Dextran-Catechin treated HMEC-1 cells. This suggests that Dextran-Catechin is affecting both ATOX-1 and VEGF-R2 simultaneously. Thus for the first time, we demonstrated the potent antiangiogenic property of Dextran-Catechin (Fig. 7) . Further studies will therefore be necessary to reveal other possible mechanisms of how Dextran-Catechin affects the VEGF and thus angiogenesis.
Unlike cancer cells, oxidative stress is well tolerated by normal cells due to their various ROS-salvaging systems 26 . Hence, the use of ROS-generating agents can potentially have anti-tumor and antiangiogenic activity. However, agents with ROS producing abilities as their only mechanism of action have been reported to show low clinical response and resistance in cancer when used for treatment 26 . This report suggests that anti-tumor or antiangiogenic agents with multiple modes of action are required to effectively combat cancer.
The finding in the in vivo model of neuroblastoma showing reduction in the number of vascular structures when they were treated with Dextran-Catechin furthers supports the anti-angiogenic effects of Dextran-Catechin reported in the in vitro experiments. The results from this study, combined with our previous study on Dextran-Catechin 18 , suggest that Dextran-Catechin exerts its anticancer and antiangiogenic properties by targeting copper homeostasis in tumor and endothelial cells. Furthermore, Dextran-Catechin also has minimal effect on the viability of non-malignant MRC-5 cells 18 , making it highly attractive as an anti-tumor agent with multiple modes of action. This study therefore highlights the potential of developing natural products that can disrupt copper homeostasis as a novel therapeutic approach for the treatment of cancers requiring high levels of copper to sustain growth and angiogenesis.
Materials and Method
The experimental design and standard operating protocols were approved by the Children Cancer Institute of Australia UNSW; all methods were performed in accordance with the relevant guidelines and regulations. The animal study was approved by the Animal Ethics Committee at UNSW Australia (AEC# 14/36B).
Cell culture. HMEC-1 were grown in MCDB-131 medium (Invitrogen, Mount Waverley, Australia) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 1 µg/mL hydrocortisone and 10 ng/mL epithelial growth factor (BioScientific, Gymea, Australia). The cells were cultured on 0.1% gelatin-coated culture plates for all experiments, except for the Matrigel TM assay. The cell lines were maintained at 37 °C in 5% CO 2 as an adherent monolayer and were passaged upon reaching confluence using standard cell culture techniques. Cell viability assay. HMEC-1 cells were seeded at 5 × 10 3 cells per well in 96-well plates to ensure full confluence (quiescence). The cells were treated 24 h after seeding with a various concentration of Dextran-Catechin (5 µg/ml to 55 µg/ml) or TEPA (2 µg/ml to 75 µg/ml). After 8 or 24 h of incubation, the media containing treatment was replaced with 10% AlamarBlue in fresh media. The metabolic activity was detected by spectrophotometric analysis by assessing the absorbance of AlamarBlue ® (difference between 570 nm and 595 nm) using a Bio Rad multiplate reader. Cell viability was determined and expressed as the percentage of viability of untreated control cells. The determination of IC 50 values was performed using GraphPad Prism 6 (San Diego, CA, USA).
Measurement of intracellular copper. HMEC-1 cells were seeded at 1.5 × 10 6 cells in 10 cm cell culture dishes. The cells were treated 24 h after seeding with 25 µg/ml Dextran-Catechin. After 24 h of treatment, the cells were washed with PBS and scraped in Milli-Q water. Protein levels were measured using standard BCA assay.
The intracellular copper level was measured using the QuantiChrom ™ Copper Assay Kit (BioAssay Systems, Hayward, CA, USA). Copper levels were determined according to manufacturer's instructions by absorbance spectrophotometry at 359 nm and normalized to the protein content. 
